Summary. In 24-h cultures, steroid production by cells from non-atretic follicles increased with increasing follicular diameter. Cells from atretic follicles, of all sizes, produced low amounts of oestradiol-17\g=b\, but very high amounts of progesterone, relative to cells from non-atretic follicles. Increasing the culture period to 72 h caused little change in daily progesterone and oestradiol-17\g=b\production by granulosa cells from atretic follicles. In contrast, in cells from non-atretic follicles, daily progesterone production increased and daily oestradiol-17\g=b\production decreased to the levels observed with cells from atretic follicles. Dibutyryl cyclic AMP (1\m=.\0mm) significantly stimulated progesterone production by cells from atretic, but not from non-atretic, follicles. Testosterone (1 \g=m\g/ml) had no effect on progesterone production by cells from atretic follicles, while oestradiol-17\g=b\,oestrone, testosterone, androstenedione and 5\g=a\-dihydrotestosterone (0\p=n-\1000ng/ml) each significantly suppressed progesterone production by cells from non-atretic follicles in a dose-dependent manner.
Introduction
Oestradiol-17\g=b\ and progesterone are the two major steroids produced by bovine granulosa cells. Previous studies have shown that oestradiol-17\g=b\production by bovine granulosa cells in vitro is related to follicle size and health (Henderson et al., 1984; McNatty et al., 1984a) . However, no information is available about how progesterone production by bovine granulosa cells in vitro is influenced by these follicular characteristics. Progesterone concentrations in follicular fluid of follicles collected during the follicular phase before the ovulatory LH surge are significantly higher in atretic than in non-atretic follicles, irrespective of follicle size (Bellin & Ax, 1984; McNatty et al., 1984a; Kruip & Dieleman, 1985) . As granulosa cells may be a source of progesterone in follicular fluid, it is possible that follicle health may influence progesterone production by granulosa cells. This possibility was examined in the present study which was undertaken to examine the relationship(s) between follicular health and size, and progesterone and oestradiol-17\g=b\production by bovine granulosa cells in vitro. In addition, morphometric analysis of granulosa cells was performed to determine whether any morphological characteristics of granulosa cells were related to follicle health. Except for one experiment, granulosa cells were obtained from the ovaries of regularly cyclic Angus cows at known days between Days \m=-\4 and +1 of the oestrous cycle (oestrus = Day 0). The days were chosen in an attempt to assess what effects (if any) the period during which final follicular preovulatory maturity is attained has on granulosa cell function in vitro. In one experiment, ovaries were obtained from cows (breed and stage of oestrous cycle unknown) slaughtered in a local abattoir.
Materials and Methods
Reagents. Testosterone, androstenedione, 5a-dihydrotestosterone, oestradiol-17ß, oestrone and dibutyryl cyclic AMP were obtained from Sigma Chemical Co., St Louis, MO, U.S.A. Cyanoketone (2a-cyano-4,4-17a-trimethyl-17ß-hydroxy-5-androsten-3-one) was a gift from the late Professor G. S. Boyd (Department of Bio¬ chemistry, University of Edinburgh, U.K.). Gonadotrophins (NIH-LH-B10 and NIH-FSH-S15) were (Eagle, 1959) supplemented with Hepes buffer (20 mM), L-glutamine (2 mM), gentamicin (50 pg/ml) (Gibco, Grand Island, NY, U.S.A.), sodium heparin (50 i.u./ml) (Weddel Pharmaceuticals Ltd, London, U.K.) and 01% bovine serum albumin (Fraction V, Sigma Chemical Co., St Louis, MO, U.S.A.) (Medium A). After recording the follicular diameter to the nearest 0-5 mm and examining the thecal vasculature, the follicle was incised to release the contents. The released follicular fluid was examined for the presence or absence of debris and then aspirated through a fine-bore capillary tube. The internal follicle wall was washed gently and repeatedly with 2 ml Medium A and the released clumps of granulosa cells were dispersed by pipetting several times through a finely drawn Pasteur pipette. The oocyte was isolated and assessed subjectively as being healthy or degenerate as previously described (McNatty el ai, 1983) . The follicle wall was washed several more times, and the total number of granulosa cells in the pooled washings was counted by using a haemocytometer, and their viability was determined by uptake of nigrosin dye. Patterson (1979) , or processed for scanning electron microscopy.
Scanning electron microscopy. Granulosa cells attached to glass cover-slips were immersion-fixed for 1 h at 4°C in 2% glutaraldehyde in 01 M-cacodylate buffer (pH7-4), and post-fixed for 1 h in 1% osmium tetroxide in 0-1 Morphometric analysis. Volume density (organelle volume per unit cell volume) and surface density (surface area of the membrane per unit cell volume) were determined from electron micrographs at a final magnification of 14 500. The cells for study were chosen randomly: 2-3 micrographs of each cell were prepared and over the 3 classes of follicle health 296 cells were studied. Volume density was determined by lineal analysis as described by Williams (1977) . Surface density was determined using uni-direction linear probes as described by Weibel (1980a) . For both determinations a sufficient number of measurements was made so that the values of the relative standard errors were 5% (Weibel, 1980a) . Determination of cell volume allowed the volume and surface density values to be expressed as organelle volume and membrane surface area per granulosa cell.
Cell volumes were calculated from light photomicrographs of méthylène blue-stained sections of freshly isolated granulosa cells, using the equations described by Abercrombie (1946) and Williams & Cope (1981) . At least 200 nuclear transections were measured for each determination.
Calculation of the numerical density (Nv) of mitochondria was based on the formula described by Weibel (1980b) Radioimmunoassays. The concentrations of progesterone, pregnenolone and oestradiol-17ß were measured with¬ out extraction in aliquants of granulosa cell culture medium using specific radioimmunoassays described previously (Henderson et a!, 1983;  McNatty et a!, 1984b). The limit of sensitivity of the assays (per tube) was 25 pg for proges¬ terone, 50 pg for pregnenolone and 5 pg for oestradiol-17ß. The intra-and inter-assay coefficients of variation were < 10%. Steroid concentrations in the culture media were normalized with respect to the protein content of the granu¬ losa cells at the end of the culture period, and the results were expressed as ng steroid/mg protein. For (Table 1) . At all follicle diameters, progesterone production by cells from atretic follicles was significantly higher than that of cells from non-atretic follicles. Oestradiol-17ß production by granulosa cells from atretic follicleŝ 5 mm in diameter was significantly less than that of cells from non-atretic follicles of a similar size. These effects of follicle health and size were independent of the days of the oestrous cycle studied. The highest production of progesterone was, however, observed with cells recovered on Day +1 from two haemorrhagic presumptive preovulatory follicles (10 and 11 mm diam.). The cells from these follicles produced 6-7 µg progesterone/mg protein when cultured for 24 h.
Influence offollicle health on progesterone, pregnenolone and oestradiol-17ß production by granulosa cells cultured for 72 h During 72 h of culture, there was a~5-fold increase in the mean daily production of progester¬ one by granulosa cells from non-atretic follicles (Fig. 1) . In contrast, mean daily production of progesterone by granulosa cells from atretic follicles changed little during 72 h of culture. This effect of follicular health was not related to follicle size or day of the cycle (Days -4 to 0). When the effects of LH, FSH, LH + FSH (100 and 1000 ng/ml of each) or dibutyryl cyclic AMP (01 and 1-0 mM) or testosterone (1 µg/ml) on progesterone production were examined, testosterone and dibutyryl cyclic AMP (10 mM) were the only treatments to have a significant effect, relative to untreated cultures. Testosterone significantly inhibited progesterone production by granulosa cells from non-atretic and intermediate follicles after the first 24 h of culture, but had no effect on cells from atretic follicles (Fig. 1) . Dibutyryl cyclic AMP stimulated significantly progesterone produc¬ tion by cells from atretic follicles, but had no effect on cells from non-atretic and intermediate follicles (Fig. 1) .
The differences in the amounts of progesterone produced by cells from non-atretic and atretic follicles during the first 24 h of culture (Table 1; Fig. 1 ) might have arisen from differences in the ability of the cells to metabolize progesterone further, or to synthesize its precursor pregnenolone. Hours in culture To test this possibility cells were cultured in the presence of cyanoketone, an inhibitor of 3ß-hydroxysteroid dehydrogenase. Preliminary dose-response studies established that, at a dose of 1 µg cyanoketone/ml, progesterone production was < 12% ofthat produced by untreated cultures, while pregnenolone production was comparable to that of progesterone produced by untreated cultures. Irrespective of follicle size, the changes in cellular pregnenolone production in cyanoke¬ tone and untreated cultures (Fig. 1, lower half) , were similar, with respect to follicle health and time in culture, to those observed for progesterone in untreated cultures (Fig. 1, top half) .
Mean daily production of oestradiol-17ß (in the presence of 1 µg testosterone/ml) by granulosa cells from atretic follicles of all sizes changed little during 72 h of culture, remaining at about 10-20 ng/mg protein/24 h. During the first 24 h of culture, mean production of oestradiol-17ß by granulosa cells from non-atretic and intermediate follicles^5 mm diameter was significantly higher than that of cells from atretic follicles (Table 1) Figure 2 shows the effect of oestradiol-17ß, oestrone, testosterone, androstenedione and 5a-dihydrotestosterone on progesterone production by these cells over a 72-h culture period. Each steroid caused a dose-related suppression in the mean production of progesterone. The oestrogens inhibited progesterone production from the start of the culture period, whereas the androgens only inhibited after the first 24 h of culture.
Influence offollicular health on morphological characteristics ofgranulosa cells Morphometric analysis was used to quantitate the morphological characteristics of freshly harvested granulosa cells from 3 to 8 mm diameter follicles taken from 6 cows between Days -3 and -1 of the oestrous cycle. Follicular health significantly influenced mean cell volume, and the mean surface area of the plasma and nuclear membranes, and the granular endoplasmic reticulum (Table 2) . Follicle health had no significant effect on the mean volumes of the major subcellular components (nucleus, lipid, lysosomes, vacuoles, mitochondria, agranular endoplasmic reticulum and microfilaments), each of which had a mean volume of~10-20 µ 3/ ß11, except for the nuclei which had mean values of about 150-200 µ 3/ 11.
Irrespective of follicle health freshly harvested granulosa cells appeared spherical with a rela¬ tively smooth surface when viewed by scanning electron microscopy. After culture for 24 h, cells from non-atretic follicles were still spherical, but many had surface 'blebs'. In contrast, cells from atretic follicles were generally 'flattened' in appearance, and large amounts of intercellular connec¬ tive tissue were evident. The appearance of cells from atretic follicles changed little when the culture period was extended beyond 24 h. However, cells from non-atretic follicles gradually acquired the appearance of cells from atretic follicles, and by 72 h were indistinguishable from them. The inclusion of FSH (100 ng/ml) or dibutyryl cyclic AMP (1-OmM) in the culture medium markedly reduced the appearance of surface 'blebs' on cells from healthy follicles after 24 h of culture, but could not prevent them appearing like cells from atretic follicles over 72 h of culture.
Discussion
The present study demonstrates that follicular health has a major influence on the ability of granu¬ losa cells from cow follicles to produce progesterone and oestradiol-17ß in vitro. In non-atretic follicles, the production of these steroids by granulosa cells was also related to follicle size. The increasing daily production of progesterone, and the associated morphological changes, by cul¬ tured cells from non-atretic follicles are characteristic of cells undergoing luteinization (Channing & Ledwitz-Rigby, 1974) (Bellin & Ax, 1984; McNatty et al., 1984a; Kruip & Dieleman, 1985) . The studies with cyanoketone, an inhibitor of 3ß-hydroxysteroid dehydrogenase, suggest that the differences in progesterone production between cells from non-atretic and atretic follicles may be a consequence of differences in the synthesis of pregnenolone, the precursor for progesterone.
The regulation of progesterone production by granulosa cells has been widely studied in several species, but usually without regard to the health of the follicles from which the cells were obtained. The present study indicates that steroids may have some importance in regulating progesterone production by granulosa cells from follicles of different health. Although testosterone failed to suppress progesterone production by granulosa cells from atretic follicles both androgens and oestrogens suppressed progesterone production by granulosa cells from non-atretic follicles in a dose-dependent fashion. The inhibitory effects of oestrogens have been shown previously for the cow (Fortune & Hansel, 1979) and other species (see review by Hillier, 1985) . However, studies with androgens in other species have generally shown a stimulatory effect on progesterone production by granulosa cells (Hillier, 1985) , in contrast to the results of the present study. It Although daily progesterone production by granulosa cells from non-atretic follicles increased with time in culture, production of oestradiol-17ß declined to levels comparable to that of cells from atretic follicles. While this loss in oestradiol-17ß synthetase activity may be an artefact of the culture system, resulting from differential cell loss, it is perhaps more likely a consequence of the luteinization process. Bovine luteal cells themselves have a very high capacity for progesterone biosynthesis, but only a very limited ability to aromatize androgens to oestradiol-17ß (Henderson & Moon, 1979) . Collectively, the results of this study suggest that, in the presence of adequate amounts of progesterone precursor substrate, granulosa cells may have a natural tendency to produce large amounts of progesterone, but only a limited tendency to metabolize androgens to oestradiol-17ß. In non-atretic follicles, granulosa cells may be under considerable regulatory pressure which acts to suppress this natural tendency to secrete progesterone, and in larger follicles drives oestradiol-17ß production. When these regulatory pressures are reduced, e.g. during follicu¬ lar atresia, or when the granulosa cells are placed in culture, then the cells revert to a more natural state in terms of steroid production. Perhaps part of the luteinization process during corpus luteum formation is the removal of constraints thereby allowing the granulosa cells to display their inherent tendency to secrete progesterone, as suggested by Rothchild (1981) .
Although follicular health had a major influence on progesterone and oestradiol-17ß produc¬ tion by granulosa cells, morphometric analysis revealed relatively few subcellular differences between cells from non-atretic and atretic follicles. In particular, no ultrastructural differences were evident in the mitochondria or agranular endoplasmic reticulum (the subcellular sites of progester¬ one and oestradiol-17ß biosynthesis respectively). As follicles became atretic significant increases occurred in the surface areas of the nuclear and plasma membranes. This was not always accompanied by increases in the volume of the organelle, which suggests that these membranes were becoming more convoluted. Such changes together with minimal organelle changes are indicative of cellular swelling (Cheville, 1976) . Whether this swelling is expressed in vivo or is an artefact of the treatment before fixation is unclear. Nevertheless, it does reflect some difference(s) in membrane structure and/or function between granulosa cells from follicles of different health. This in turn could influence the steroidogenic abilities of these cells.
